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Extinction training during reconsolidation lias been sliown to persistently diminish conditioned fear responses across 
species. We investigated in humans if older fear memories can benefit similarly. Using a Pavlovian fear conditioning para- 
digm we compared standard extinction and extinction after memory reactivation I d or 7 d following acquisition. 
Participants who underwent extinction during reconsolidation showed no evidence of fear recovery, whereas fear responses 
returned in participants who underwent standard extinction. We observed this effect in young and old fear memories. 
Extending the beneficial use of reconsolidation to older fear memories in humans is promising for therapeutic applications. 

[Supplemental material is available for this article.] 



Learning to predict tlireat from cues in thie environment is adap- 
tive. In order to remain adaptive, iiowever, thie memory of the as- 
sociation between a neutral cue and a threat cue, as well as the 
elicited fear response or defensive behavior, needs to be flexibly 
modified as situations change. The standard approach to modify 
fear is extinction or exposure training in which a new, safe associ- 
ation is learned, leading to a gradually diminished fear expression. 
With extinction, however, fear might return because the original 
fear memory is not significantly altered and must be inhibited to 
express the new extinction memory (Bouton 2004). It has been 
suggested that the inability to consistently inhibit fear memories 
following extinction or exposure may be a factor in the maladap- 
tive expression of fear in anxiety, trauma, or stress-related disor- 
ders, such as post-traumatic stress disorder (PTSD) (Rauch et al. 
2006). The potentially temporary nature of extinction or exposure 
training led to the search for strategies to more persistently alter 
fear memories, which renewed interest in the post-retrieval mem- 
ory process of reconsolidation. Reconsolidation is a restabilization 
process triggered by the retrieval of the original memory (Duvarci 
and Nader 2004). Interventions that interfere with reconsolida- 
tion can persistently alter the expression of fear memories (Nader 
et al. 2000; Schiller et al. 2010). However, to derive a viable thera- 
peutic technique based on disrupting reconsolidation, it is critical 
that both recently formed and older fear memories can be altered. 
Since memories of trauma are often formed long before treatment 
opportunities are available, it is important to characterize the ef- 
fectiveness of reconsolidation for older memories. To date, there 
is little evidence in humans demonstrating the efficacy of target- 
ing reconsolidation to diminish the expression of fear memories 
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>1 d old. The goal of the present study was to start to bridge 
this gap by targeting reconsolidation in 7-d-old fear memories. 

Two primary techniques have been used to target the re- 
consolidation of fear memories: pharmacological and behavioral. 
These studies have examined fear memories using Pavlovian 
fear conditioning, in which an aversive unconditioned stimulus 
(UCS) is paired with a neutral conditioned stimulus (CS-I-). After 
a few pairings the CS-f- acquires the ability to elicit a defensive 
or fear response, demonstrating the conditioned response (CR). 
Research in rodents has shown that Pavlovian fear acquisition, 
storage, and expression critically depend on the amygdala, with 
the lateral amygdala (LA) as the site of cued fear memory storage 
(LeDoux 2000). 

Pharmacological studies have generally targeted the LA re- 
gion when disrupting reconsolidation of cued fear memories. 
Since, like consolidation, reconsolidation requires protein synthe- 
sis (Nader et al. 2000; Alberini 2005), the direct infusion of a pro- 
tein synthesis inhibitor (i.e., anisomycin) into the LA after CS-i- 
reactivation eliminates the long-term expression of the CR in 
rats, presumably by disrupting the reconsolidation of the original 
fear memory (Nader et al. 2000). Several studies in rodents have 
shown that anisomycin can successfully disrupt the reconsolida- 
tion of older fear memories (14 d [Nader et al. 2000], 45 d [Debiec 
et al. 2002], 21 d [Frankland et al. 2006], 30 d [Einarsson and Nader 
2012], 7 d [Hong et al. 2013]). These initial results are encouraging 
and suggest that disrupting reconsolidation may not depend on 
the age of the cued fear memory (but see Alberini 2011). 

Since the use of anisomycin is toxic in humans, another 
line of research has focused on the noradrenergic system. In 
rats, blocking noradrenergic transmission with a |3-adrenergic 
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antagonist (i.e., propranolol) in the LA after reactivation of the 
CS+ also appears to interfere with reconsolidation (Debiec and 
LeDoux 2004), whereas enhancing noradrenalin can facilitate it 
(Debiec et al. 2011). In rodents, propranolol has also been shown 
to effectively disrupt the reconsolidation of older conditioned fear 
memories (60 d [Debiec and LeDoux 2004], 2 d [Muravieva and 
Alberini 2010]). In humans, the use of propranolol to disrupt 
the reconsolidation of fear memories has yielded inconsistent 
findings (for review, see Lonergan et al. 2012). The vast majority 
of studies in humans have administered the drug prior to memory 
reactivation (e.g., Kindt et al. 2009; Poundja et al. 2012), thus po- 
tentially targeting memory retrieval, not reconsolidation (Mura- 
vieva and Alberini 2010). The few studies that have targeted the 
reconsolidation process with propranolol have demonstrated lim- 
ited effectiveness (Soeter and Kindt 2012), with disruption of po- 
tentiated startle as a measure of fear memory expression, but not 
autonomic (i.e., skin conductance or SCR) or expectancy mea- 
sures. A study attempting to target the reconsolidation of older 
fear memories in patients with PTSD administered propranolol 
or placebo after patients recalled personal traumatic events 
(Brunet et al. 2008). Patients given propranolol showed decreased 
autonomic measures of fear (i.e., SCR and heart rate) a week later, 
relative to the placebo group; however, this study lacked a non- 
reactivation control to rule out a general dampening effect of pro- 
pranolol on autonomic arousal. 

Given the toxic effects of most drugs used to target reconso- 
lidation in animal models and the limited results in humans using 
propranolol, perhaps the most feasible approach is a behavioral 
intervention that modifies the learned association. The behavio- 
ral interference of reconsolidation is based on the premise that 
the purpose of reconsolidation is to allow an opportunity for an 
older memory to be updated or strengthened with subsequent 
retrieval. Precisely timing standard extinction training after mem- 
ory reactivation to coincide with the reconsolidation process has 
been shown to result in persistent fear reduction in rodents 
(Monfils et al. 2009) and humans (Schiller et al. 2010), in compar- 
ison to standard extinction. In addition, the behavioral inter- 
ference of reconsolidation results in plasticity-related changes 
in the LA in rodents (Monfils et al. 2009; Clem and Huganir 
2010) and diminished blood oxygenation level dependent re- 
sponses in the amygdala (Agren et al. 2012) and the prefrontal cor- 
tex (Schiller et al. 2013) in humans, supporting the notion that 
this behavioral technique can alter the original fear memory. 

Although the effectiveness of this technique has not been in- 
vestigated in older conditioned fear memories in humans, this has 
been explored in rodents, and appetitive memories have been ex- 
amined in humans. Clem and Huganir (2010) found that the 
behavioral interference of reconsolidation of conditioned fear 
memories resulted in persistent fear reduction and enhanced syn- 
aptic plasticity within the LA, but only in 1-d-old memories. If 
they waited a week before performing the reconsolidation manip- 
ulation, the reactivation-extinction group did not differ from the 
standard extinction group. These results are in contrast to findings 
by Xue and colleagues (2012) examining appetitive conditioned 
place preference in rodents, and drug craving in human addicts. 
They found that a similar reactivation-extinction/exposure pro- 
cedure designed to alter the reconsolidation of appetitive memo- 
ries led to a lasting reduction in expression of 2-d-old conditioned 
place preference memories in rodents, and a craving reduction in 
addicts whose drug-taking memories are presumably much older. 

To assess if older conditioned fear memories can be altered 
by behaviorally targeting reconsolidation in humans, we adapted 
a paradigm from Schiller et al. (2010), which demonstrated the 
long-term effectiveness of this manipulation in 1-d-old memories. 
Eighty healthy participants were included in the final analysis 
(w = 79 were excluded based on the studies' exclusion criteria) 



(see Supplemental Material for exclusion criteria, demographic in- 
formation, and questionnaires). Participants were randomly as- 
signed to one of the four experimental groups: Reactivation Day 
1, No Reactivation Day 1, Reactivation Day 7, and No Reactivation 
Day 7. The experiment consisted of three sessions (Fig. 1). During 
the first session (Day 0) all participants underwent fear condition- 
ing using a discrimination paradigm: one colored square (CS-I-) 
was paired with an aversive electric shock (UCS) on half of the tri- 
als (eight CS-l-US and eight CS-i- trials, 50% reinforcement), 
whereas a differently colored square (CS-) was never paired 
with a shock (ten CS-). Every trial consisted of a CS presentation 
(4 sec) followed by an inter-trial interval (10-12 sec) during which 
a fixation cross was presented. In CS-i-US trials a shock was admin- 
istered 3.8 sec after CS onset and coterminated with the CS. 

The second session was conducted either 1 or 7 d after fear ac- 
quisition. Half of the participants underwent extinction training 
after memory reactivation (Reactivation groups) and the other 
half underwent standard extinction without prior memory reacti- 
vation (No Reactivation groups). In order to reactivate the original 
fear memory both Reactivation groups received a reminder cue 
(a single CS-i- trial) followed by a 10-min break during which a 
TV show episode (The Simpsons) was presented. Extinction train- 
ing followed (i.e., the repeated presentation of CS-f and CS- 
without reinforcement). Both No Reactivation groups watched 
the same TV show episode prior to extinction, but immediately af- 
ter the experimental setup without any reminder cue (see Schiller 
et al. 2010). This design resulted in four groups: The Reactivation 
Day 1 group returned to the laboratory 24 h after the first session 
and received a reminder cue prior to extinction training. The No 
Reactivation Day 1 group also returned after 24 h, but underwent 
extinction training only. The Reactivation Day 7 group returned 
after 7 d and received a reminder cue prior to extinction training 
whereas the No Reactivation Day 7 group returned after 7 d but 
did not receive a reminder cue. During extinction training all par- 
ticipants received 20 CS - trials. The number of CS-i- trials was ad- 
justed to account for the CS-i- reminder trial (i.e.. No Reactivation 
groups received 20 CS-i- trials whereas Reactivation groups re- 
ceived only 19 CS-I- trials). 

The third session was conducted 1 d after the second session. 
The procedure was the same for all participants. To reinstate 
the fear memory, participants were exposed to four unsignaled 
shocks. After a 10-min break, during which all participants 
watched the same TV show episode (The Simpsons), a reextinc- 
tion period followed (10 CS-i- and 10 CS-). 

The CR was defined as the mean differential SCR response 
(i.e., mean CS-i- minus mean CS-). Mean CRs were calculated 
for early (first four trials) and late (last four trials) acquisition 
and extinction. In order to examine the return of fear after 
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Figure 1. Four different experimental groups: Reactivation Day 1, No 
Reactivation Day 1, Reactivation Day 7, and No Reactivation Day 7. All 
groups underwent acquisition on Day 0. Half the groups returned a day 
later to undergo extinction training either with (Reactivation Day 1 
group) or without (No Reactivation Day 1 group) a reminder and on Day 
2 for fear reinstatement and reextinction. The other two groups returned 
a week later to undergo extinction training either with (Reactivation Day 
7 group) or without (No Reactivation Day 7 group) a reminder cue. 
These two groups underwent reinstatement and reextinction on Day 8. 
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reinstatement, we assessed the CR to the first trial of reextlnction. 
Additionally, to assess the recovery of fear from extinction to reex- 
tlnction we calculated a fear recovery index (i.e., late extinction CR 
minus first reextlnction CR). 

Fear acquisition was confirmed with a two-way analysis of 
variance (ANOVA), Group (Reactivation Day 1, No Reactivation 
Day 1, Reactivation Day 7, and No Reactivation Day 7) x Time 
(early and late CR). Participants' CR Increased significantly over 
time (f (3,79) = 19.21, P < 0.001, ry = 0.20); there was no group ef- 
fect or Interaction. A follow-up t-test across all participants showed 
that the CR differed significantly from zero in both early (f(79) = 
8.3, P < 0.001) and late ({,79, = 15.27, P < 0.001) acquisition. The 
same approach was used to confirm fear extinction. Participants' 
CR decreased significantly over time (f (3,79) — 60.07, P < 0.001, 
17 = 0.44); there was no group effect or Interaction. A follow-up 
t-test across all participants showed that participants' CR differed 
significantly from zero at the beginning of extinction (t(79) = 8.5, 
P < 0.001), but was not significantly different from zero at the 
end of extinction (t(79) — 1.76, P = 0.08). These results are not sur- 
prising given our exclusion criteria (see Supplemental Material) 
and demonstrate that participants successfully acquired and extin- 
guished fear (Fig. 2). 

To test for differences in reinstatement between groups, we 
conducted a one-way ANOVA for the first CR during reextlnction. 
There was a main effect of group (^(3,79) = 3.99, P < 0.05). 
Independent samples f-tests showed that participants who under- 
went standard extinction training exhibited significantly higher 
CRs than those who received a reminder cue prior to extinction 
(No Reactivation Day 1 group vs. Reactivation Day 1 group, 
t(38) = 2.36, P < 0.05; No Reaction Day 7 group vs. Reactivation 
Day 7 group, f(38) — 2.18, P < 0.05). There was no difference be- 
tween both Reactivation groups (t(79) = 0.97, P = 0.34) and be- 
tween both No Reactivation groups (t(79) — 0.87, P — 0.39). 
Follow-up t-tests showed that the CR in both Reactivation groups 
was not significantly different from zero (Reactivation Day 1 group, 
t(i9)= 1.19, P = 0.25; Reactivation Day 7 group, t(i9,= -0.25, P = 
0.81). In contrast, in both No Reactivation groups the CR was sig- 
nificantly different from zero (No Reactivation Day 1 group, 
t,i9) = 4, P < 0.01; No Reactivation Day 7 group, {(19, = 2.74, P < 
0.05). Similar results were obtained when assessing the fear recov- 
ery index (see Supplemental Material). 

The present findings suggest that, similar to young memo- 
ries, older fear memories can also be updated using extinction 
training after memory reactivation. We showed that the extinc- 
tion of 1-d-old and 7-d-old fear memories during the reconsolida- 
tion window successfully diminished the fear response after fear 
reinstatement. These results are consistent with rodent studies us- 
ing pharmacological blockade of reconsolidation to successfully 
modify older fear memories (Nader et al. 2000; Debiec et al. 
2002). They offer support for the notion that memories are suscep- 
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Figure 2. 



Participants in all groups showed an increased CR afterfear acquisition (Day 0) and a dimin- 
ished CR after extinction (Day 1 or Day 7). The CR during reextlnction afterfear reinstatement (Day 2 or 
Day 8) was increased only in the No Reactivation groups. 



tible to modification even after initial consolidation is terminated 
when new, safe information is introduced during reconsolidation. 
This further underscores the adaptive value of reconsolidation. 

Interestingly, the present results are Incongruent with the 
findings of Clem and Huganlr (2010), who showed that a compa- 
rable behavioral intervention in mice did not prevent the return 
of 7-d-old fear memories. This might suggest some differences in 
age-related memory processes between species, specifically that 
the susceptibility of memories to modifications lasts longer in hu- 
mans vs. rodents. However, notable differences between these 
studies might also explain the opposing results. First, the strength 
of the fear memory might differ. We observed robust fear condi- 
tioning in our final sample, although we excluded around 50% 
of our Initial study population because the conditioning or extinc- 
tion effects were not robust (see Supplemental Material for exclu- 
sion criteria). Due to ethical constraints, laboratory-generated fear 
memories in humans are always mild. Second, although the mo- 
lecular mechanisms of memory aging are similar across species, 
the time line might be different. A simple comparison based on 
the different life expectancies in humans (~70 yr) and mice (~2 
yr) shows that 7 d in mice roughly equal 70 d in humans (see 
Qulnn 2005). 

Suzuki et al. (2004) addressed both of these concerns — 
strength and age of memory — in a contextual fear conditioning 
study in mice. The authors showed that reconsolidation of stron- 
ger contextual fear memories (i.e., three foot shocks Instead of 
one) could not be blocked with anisomycin. However, if the reac- 
tivation was intensified (i.e., longer reexposure to the training 
context), anisomycin resulted in a diminished fear response. In 
a similar vein, older contextual fear memories (8 wk) were not sus- 
ceptible to change by pharmacological manipulation unless pro- 
longed reactivation sessions were conducted (Suzuki et al. 
2004). These results suggest that older and stronger fear memories 
can also be updated under the right circumstances. Therefore, one 
could speculate that a behavioral intervention in mice after a pro- 
longed memory reactivation period might also render older fear 
memories labile and lead to a persistently diminished fear re- 
sponse. However, it is necessary to examine this in future research. 

It should be noted that the present study was Intended to 
closely mirror the nonhuman animal research that inspired us 
(Clem and Huganlr 2010), and therefore has two limitations. 
First, we excluded participants who showed no evidence of fear 
acquisition or extinction from further participation. In studies ex- 
amining techniques to diminish fear (e.g., extinction and recon- 
solidation) across species this is a common exclusion criterion 
because fear acquisition and extinction are prerequisites to study 
fear recovery following manipulations of reconsolidation (e.g., 
Yang et al. 2006; Sotres-Bayon et al. 2009; Kindt and Soeter 
2011). However, fear conditioning procedures typically used in 
humans are less robust in rodents for a few reasons. First, ethical 
constraints require the intensity of the 
UCS to be relatively mild and not painful 
(see above), thus reducing its aversive 
nature. Second, the strength of the non- 
invasive, autonomic physiological re- 
sponse typically assessed in human fear 
conditioning (i.e., SCR) can vary with 
participants' race (Johnson and Landon 
1965), age, sex, as well as the weather 
and room temperature (Venables and 
Mitchell 1996). We did not control for 
these factors in participant selection or 
data collection. Due to these constraints, 
we excluded a significantly higher pro- 
portion of participants who failed to 
meet the exclusion criteria than would 
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be typical in research with rodents, but the criteria were the same. 
Second, we did not acquire UCS expectancy ratings, a cognitive 
measure on which participants indicate the likelihood of the 
UCS on each trial and which is used in some human fear condi- 
tioning studies. Although the use of this measure may have result- 
ed in a more robust assessment of fear conditioning and the loss of 
fewer participants, we chose not to use it because assessing explicit 
cognitive knowledge is obviously not possible in research in ro- 
dents and would have limited the generalizability between our 
paradigm and the findings in rodents. In addition, emphasizing 
explicit knowledge of the CS-UCS relationship has been shown 
to alter the nature of fear learning (Olsson and Phelps 2004; 
Atlas et al., pers. comm.) and the neural substrates mediating 
this learning (Funayama et al. 2001; Coppens et al. 2009). For 
these reasons, we limited our fear assessment to a noninvasive, au- 
tonomic measure. 

The present study is an important step in further characteriz- 
ing the boundaries within which reconsolidation update mecha- 
nisms are viable in humans. As research on reconsolidation 
progresses, it is becoming increasingly clear that several factors 
are linked to the effectiveness of targeting reconsolidation to 
prevent fear (Auber et al. 2013). Understanding the boundary 
conditions (e.g., strength and age of memory) is critical in order 
to translate these findings to useful clinical interventions. The 
present results are only an initial step toward understanding 
the potential temporal limitations of reconsolidation and further 
studies with fear memories older than 4 wk are necessary to match 
the temporal characteristics of PTSD and to distinguish if these 
results can potentially be translated to acute traumatic fear mem- 
ories or also to older traumatic fear memories (DSM V, American 
Psychiatric Association 2013). The present results, however, sug- 
gest that the behavioral interference with the reconsolidation of 
fear memories could be a useful technique to modify fear memo- 
ries regardless of their age. 
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